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TORSION  PENDULUM  MEASUREMENTS 

ON VISCOELASTIC  MATERIALS  DURING 

VACUUM  EXPOSURE 

By Thomas C. Ward  and  Morris L. Evans 
Virginia  Polytechnic  Institute  and  State  University 

I. INTRODUCTION 

It has  recently  become  apparent  that  polymeric-based 
materials  may  undergo  significant  mechanical  property  changes 
when  exposed to vacuum  environments1. In space flight, 
vacuum  environments  may  be  applied  to  a  material  for 
relatively  long  (years)  periods.  Catastrophic  consequences 
may be  projected  for  severe  alterations in, for  example, 
the  modulus  of a protective  heat  shield  during  space  vacuum 
exposure. In view of the  number  of  candidate  materials 
to  be  screened for vacuum  exposure  effects  and  the  required 
length  of  vacuum  exposure,  the  need  for  a  predictive 
(or  accelerated)  testing  capability is also  apparent. 

on  the  mechanical p operties of polymeric  samples  when  in 
vacuum  environments . In addition,  accelerated  testing 
procedures  are  far  from  well  founded  when  vacuum  induced 
changes are involved. 

a  torsion  pendulum  instrument  designed  for  testing  the 
dynamic  mechanical  properties  of  materials  in  vacuum. 
The  evaluation was to  focus  on  two  points: 

Few methods  exist  to  reliably  perform in situ  tests 
5 

The purpose of the  present  investigation  was  to  evaluate 

(1) Were vacuum  induced  changes  detected  over  test 
periods  of  several  days  and  what  were  they 

(2) Could  any  induced  changes  be  used  to  Bredict 
long-term  vacuum  effects  on  mechanical  properties. 

The  sample  temperature  during  vacuum  exposure,  the  length 
of vacuum  exposure, and the  relative  humidity  conditioning 
of the  materials  prior to vacuum  exposure  were  considered 
the  important  variables in this  investigation. 

Three materials  were to be  tested by the  torsion 
pendulum  while  they  resided in the  vacuum  environment: 

(1) SLA 56lv, and  ablative  heat  shield 
(2 )  TPH 3105,  a  solid  propellant 
(3) ESM 1004x,  an  ablative  heat  shield 

~~ 

1. Superscript  numbers  indicate  referenc-es  listed on page 
36  and  following. 



11. LITERATURE WIEW 

A .  Vacuum Induced  Changes i n  Materials 

Very l i t t l e  work has   been   r epor t ed   conce rn ing   t he  
e f f e c t s   o f  vacuum exposure on  mechanical   propert ies   of  
m a t e r i a l s ,   p a r t i c u l a r y  on  polymeric-based  composites. 
The e a r l y   i n v e s t i g a t i o n s   i n   t h i s   f i e l d  are mis leading  
because   o f   poor ly   cont ro l led  t e s t  c o n d i t i o n s .  Later 
s t u d i e s   s t r e s s e d   t h e   i m p o r t a n c e   o f   i n   s i t u  vacuum t e s t i n g .  
Greenwoodl has  summarized  most  of  the  data  reported on 
vacuum induced  changes  of  elastomer-based  propellant 
materials up t o  1966. 

cons i s t ing   o f   bu tad iene -ac ry l i c   ac id   b inde r  and ammonium 
p e r c h l o r a t e  (AP) ox id i ze r   (ve ry  similar t o   t h a t   u s e d   i n   t h e  
s u b j e c t   i n v e s t i g a t i o n )  were t e s t e d   f o r   u l t i m a t e  modulus. 
The tests were c o n d u c t e d   i n   s i t u ,  a t  ambient  temperature,  
and  with  approximately 10- t o r r  vacuum a p p l i e d   t o   t h e  
samples. It w a s  f o u n d   t h a t   t h e   u l t i m a t e   t e n s i l e   s t r e n g t h  
increased   by  29 p e r c e n t  a f te r  4 days  exposure,  and  by 60 
p e r c e n t   a f t e r  32 days  exposure. On t h e  basis of mass 
spectrometr ic   and  weight  l o s s  d a t a ,  Greenwood a t t r i b u t e d  
t h e  modulus  change t o  a loss of water from  the  sample 
d u r i n g   t h e  t e s t .  N o  q u a n t i t a t i v e   r e l a t i o n s h i p  w a s  e s t a b l i s h e d  
between  the small water l o s s  (only   0 .15   percent   in  400 
hours)   and  the  mechanical   property  changes.  

h e a t   s h i e l d  material SLA 561v dur ing  vacuum exposure 
t o r r )  a t  fou r   t empera tu res  were r epor t ed   by  Greenwood 

adWard3 .   In   t h ree   hour s  a t  85O C a s   l a r g e  as a 61 pe rcen t  
i n c r e a s e   i n  modulus  (compared t o  a c o n t r o l  sample nctunder  
vacuum) r e s u l t e d .  However, S t r a w s 4   r e p o r t e d   t h a t  similar 
vacuum exposures  a t  ambient   and  for   up  to  96 hours  had 
l i t t l e  e f f e c t  on t h e   t e n s i l e   s t r e n g t h   o f  SLA 561,  an  almost 
i d e n t i c a l  material t o   t h a t   u s e d   b y  Greenwood and Ward. 

B. The Inf luence  of   Moisture   Content  on the  Mechanical 

In   Greenwood's1  experiments ,   sol id   propel lant  samples 

Changes i n   t h e   t e n s i l e   s t r e s s - r e l a x a t i o n  modulus  of 

Propert ies   of   Polymers  

Landel   and  Moser   have  done  s ignif icant  work concerning 
t h e  e f fec t  of   moisture  on t h e  dynamic m e c h a n i c a l . p r o p e r t i e s  
of  AP-polyurethane  propellants5.   There are s t rong  chemical  
and   phys ica l  similarties between  the  polyurethane  and  the 
poly(butadiene-=-acrylic a c i d )   b i n d e r   u s e d   i n   t h e  TPH 3105 
materials it should be noted.  Landel  and  Moser  discovered 
t h a t :  
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(1) The modulus of t h e   p r o p e l l a n t  was a s e n s i t i v e  
func t ion   of  i ts  mois tu re   con ten t   h i s to ry ;   a s  
much a s  a 100 p e r c e n t   i n c r e a s e  i n  modulus was 
obse rved   a f t e r  a  sample was maintained a t  5OC 
and  surrounded by  4.8 mm Hg p a r t i a l   p r e s s u r e  of 
water   vapor   for   four   days.  

( 2 )  Depending  on the  temperature ,   moisture   exposure 
could   ra i se   o r   lower   the   p rope l lan t ' s   modulus .  

Landel  and Moser sugges t ed   t ha t   mu l t ip l e   p rocesses   were   a t  
work i n  t h e   p r o p e l l a n t  when i t s  moisture  content  changed. 
Binder   embri t t lement   and  water   plast ic izat ion  of   the  binder  
were  noted  as  two  possible  competing  mechanisms  involved. 

golodny  and Ketchum' used   tens i le   c reep   exper iments  
a t  31 C and 5OoC t o   t e s t   m o i s t u r e   e f f e c t s  on polybutadiene 
based   p rope l l an t s .  It  was f o u n d   t h a t   s u b s t i t u t i n g  an 80 
percent  R. H. sample  environment  for  one a t  0 pe rcen t  R.  H. 
decreased.the  sample  modulus  by  as much a s  a f a c t o r  of 
8 a f t e r  100 hours  of  exposure. 

on moduli i s  available  from  Oberth and  Bruenner . Many 
examples  can  be  found i n  the   gene ra l   po lymer   s c i ence   l i t e r a -  
t u r e   t o  document the   s t rong   i n f luence   o f   va ry ing  amounts 
of  water on the  moduli   of   sol id   polymeric   mater ia ls .  I n  
most cases8  assumption  that   the   water   funct ions  as  a 
p l a s t i c i z e r  i s  suf f ic ien t   to   account   for   mechanica l   p roper ty  
a l t e r a t i o n s .  T h i s  i s  not   a lways  the  case,   however ,   par t icu-  
l a r l  when the  polymer i n  ques t ion  i s  f i l l e d  w i t h  an ino rgan ic  
s a l t  5; . 

Addit ional   evidence  of   the  inf luence of mo 's ture   conten t  3 

C.  Accelerated  Test ing  Procedures  

For   po lymer i c   based   ma te r i a l s ,   a cce l e ra t ed   t e s t ing  
has  been  based on t h e  t ime-temperature   superposi t ion 
p r i n c i p l e  ( t T S P ) .  The t ime  dependent  behavior of  moduli 
prompted t h i s  theory.   Since  1944,  tTSP has  been  applied 
t o  homogfBeous  amorphous  polymers w i t h  g rea t   success .  
Tobolsky  summarizes  the  evidence  supporting tTSP and 
F e r r y l l   d i s c u s s e s  i t s  a p p l i c a t i o n s  i n  some d e t a i l .   B a s i c a l l y ,  
tTSP depends on the   un imechanis t ic   acce le ra t ion   of   molecular  
r e l a x a t i o n s  w i t h  increas ing   tempera ture  i n  o r d e r   t o   p r e d i c t  
long  t ime  mechanical  properties.   In  practice,   modulus  iso- 
therms  taken  over s h o r t  t ime  per iods   a re   sh i f ted   a long   the  
t i m e   a x i s   r e l a t i v e   t o  a re ference   i so therm i n  o r d e r   t o  
produce  a  "master  curve"  extending  over much longer   t imes.  
The development  of  a r a t f y a l   f o r   t h e   i s o t h e r m   s h i f t s  by 
Williams-, Landel and Ferry  provided  major   impetus   to   the 
p r a c t i c e  of tTSP.  

3 



Exten t ion  o f  t h e   o r i g i n a l  tTSP p r o c e d u r e s   t o  a wide 
v a r i e t y  of p h y s i c a l   p r o p e r t i e s   o f  homogeneous  polymers  has 
b e e n   r e p o r t e d .   I n   a d d i t i o n   t o   s t r e s s - r e l a x a t i o n   m o d u l i ,  
dynamic  mechanical  moduli,  and creep compliances,  t h e  
p rocedure   has   been   app l i ed   t o   u l t ima te   p rope r t i e s13 ,   and  
even t o   s l i d i n g   f r i c t i o n   c ~ e f f i c i e n t s l ~ .   U n f o r t u n a t e l y ,  
c o n f i r m a t i o n s   o f   t h e   p r e d i c t e d   p r o p e r t i e s   i n   t h e   f o r m   o f  
a c t u a l   l o n g - t e r m   e x p e r i m e n t a l   d a t a   a r e   v i r t u a l l y   a b s e n t  
f r o m   t h e   l i t e r a t u r e .  

The time dependent   mechanical   propert ies  of f i l l e d  
polymer   sys tems,   spec i f ica l ly   e las tomer- inorganic  s a l t  
composi tes ,   have   a l so   been   successfu l ly   ana lyzed   by   the  
tTSP15~16. It appea r s   t ha t   a s   l ong   a s   t he   po lymer i c   b inde r  
dominates   the   mater ia l ' s   s t ress -s t ra in   behavior ,   then  tTSP 
is  v a l i d .  Once a g a i n   t h i s   v a l i d i t y  i s  based on c r i t e r i a  
o the r   t han   l ong- t ime   t e s t ing   t o   con f i rm  p red ic t ed   modu l i .  

Drawing ana log ie s  w i t h  t h e  tTSP, work has  been  done 
i n  which v a r i a b l e s   o t h e r   t h a n   t e m p e r a t u r e   h a v e   b e e n   u s e d   t o  
acce lera te   mechanica l   p roper ty   changes .  These  ana lyses  
depend  on  an  empir ical   shif t ing  of   curves   a long a time 
a x i s   t o   p r o d u c e  master curves much as w a s  done  with  the 
i so the rms   i n  tTSP. Constant   re la t ive  humidi ty6817  and 
high vacuum exposure3 a re  two of   the   envi ronmenta l   condi t ions  
t h a t   h a v e  been used   in   superpos i t ion- type  accelerated 
t e s t i n g  on po lymer i c   ma te r i a l s .   I n   bo th  cases it was p o s s i b l e  
t o   o b t a i n  smooth master curves   ex tending   over   long   per iods  
of time from  short- t ime  experiments   under   control led 
cond i t ions .  

D.  The Torsion Pendulum Method for   Tes t ing   Mechanica l  
P r o p e r t i e s  

Polymeric materials a r e   v i s c o e l a s t i c :  any t e s t  f o r  
m a t e r i a l   c o n s t a n t s   m u s t   t a k e   i n t o   a c c o u n t   t h e i r  t i m e  
dependence. The t o r s i o n  pendulum18 o f f e r s  a r e l a t i v e l y  
s imple way t o   d e t e r m i n e   t h e   m o d u l i   i n  a dynamic t e s t .  
The ins t rument   has   been   successfu l ly   used  on p r o p e l l a n t -  
type materials16. These   r e fe rences   r evea led   t ha t  t h e  
t o r s i o n  pendulum was s u i t a b l e   f o r   o p e r a t i o n   i n  a vacuum 
environment. 

4 



111. EXPERIMENTAL 

A .  Materials 

(1) SLA 561v.  This materialwas d e s i g n e d   t o  be an 
a b l a t i v e   h e a t   s h i e l d   t o   p r o t e c t  spacecraft en ter ing   a tmospheres  
of r e l a t i v e l y  low  dens i ty  (0 .1  Earth  a tmosphere) .  Martin 
Marietta produced SLA 561v  and  has   reported  the  fol lowing 
compositionl9: 

Binder ...... poly(methy1,   phenyl-s i loxane)  
F i l l e r  ( W t .  %) 

Cork .................... 29 
S i l i c o n e  ................ 25 
Fibers .................. 5 
Phenol ic   microbal loons .. 6 
S i l i c a   m i c r o s p h e r e s  ..... 35 

( 2 )  ESM 1004x.  This  compositewas also designed as 
an a b l a t i v e  heat sh i e ld   fo r   a tmosphe res  less dense  than  
t h a t  of   Earth.  It w a s  manufactured  by  General  E lec t r ic  
Co. who r epor t ed20   t ha t  it conta ined  a b inder   o f   po ly  
(methyl ,   phenyl-s i loxane) .  A t o t a l   o f  less than  50 W t .  % 
of f i l l e r  w a s  added t o   t h e   b i n d e r .   I r o n   o x i d e ,  s i l i c a  
and  aluminum s i l i c a t e  fibers were used as t h e   f i l l e r  
components. A t  room temperature  ESM 1004xwas  sponge-like 
i n   t e x t u r e :  a h igh   dens i ty   o f  small open po res  was apparent  
on t h e   s u r f a c e .  

( 3 )  TPH 3105.  Thiokol  Chemical  Corporation made t h i s  
s o l i d   p r o p e l l a n t  material. The b inde r  w a s  compounded from 
a butad iene-acry l ic   ac id   copolymer   c ross l inked  w i t h  0.84 W t .  % 
t r i sp ropy lene imine  (MAPO) and   cured   in  a i r  f o r  64 hours  
a t  135O F.  The f i l l e r - o x i d i z e r  w a s  AP hav ing   t he   fo l lowing  
s i z e   d i s t r i b u t i o n  (based on W t .  % of   f i na l   compos i t e )  : 

Passes through 200- s i e v e  ...... 54.4% 
Passes through 2 0 p s i e v e  ...... 24.6% 

B. T e s t  Apparatus 

The t o r s i o n  pendulum c o n s t r u c t e d   f o r   t e s t i n g   m o d u l i  
o f   s o l i d  materials i n  vacuum i s  shown i n   F i g u r e s  1 and 2.  
The ins t rument  i s  shown s i t t i n g   i n s i d e  a be l l  jar  feed- 
t h r o u g h   c o l l a r .   I n   F i g u r e  3 t h e   a p p a r a t u s  i s  shown wi th  
t h e  be l l  j a r   i n  place. 

shea r   t o rque  t o  one  end  of a c y l i n d r i c a l  test  sample  while 
ho ld ing   t he   o the r   end   f i xed .  To achieve  t h i s   t h e   s a m p l e ,  

The t o r s i o n  pendulum w a s  d e s i g n e d   t o   a p p l y   a n   o s c i l l a t i n g  

5 



A, was at tached  between a f r e e l y   o s c i l l a t i n g   i n e r t i a   w h e e l ,  
B ,  and a l o w e r   s h a f t ,  C,  which  could be l o c k e d   i n t o  a f i x e d  
p o s i t i o n  (see F i g u r e s  1 and 2)  . A wire,  D ,  Lever A r m ,  E,  
and  weight  pan,  F, were u s e d   t o   c o u n t e r b a l a n c e   t h e   i n e r t i a  
wheel  and  prevent  any  tensile stresses i n   t h e  sample.  The 
o s c i l l a t o r y   m o t i o n  was i n i t i a t e d  2 a ro t a ry   f eed th rough ,  
G ,  ope ra t ing   on  a l e v e r ,  H ,  a t t a c h e d   t o   t h e   l o w e r   s h a f t ,  C 
(see F igure  4) . 
t he   l ower   sha f t   and   t he   i ne r t i a   whee l   ro t a t ed   i n   r e sponse .  
The i n i t i a t o r   h a n d l e ,  I, was then   u sed   t o   l ock   t he   l ower  
s h a f t   b a c k   i n t o  i t s  s t a r t i n g   p o s i t i o n ,  and t h e   i n e r t i a   w h e e l  
was l e f t  r o t a t i n g   r e s t r i c t e d   o n l y   b y   t h e   s a m p l e  which damped 
o u t  i t s  motion. A l i n e a r   v a r i a b l e   d i f f e r e n t i a l   t r a n s f o r m e r  
(LVDT) c o r e  w a s  a t t a c h e d   t o   t h e   o u t e r  r i m  o f   t h e   i n e r t i a  
wheel, as shown i n   F i g u r e  5 ,  w h i l e   t h e  LVDT w a s  h e l d   f i x e d  
as shown. The v o l t a g e   s i g n a l  from t h e  LVDT went  through 
an   ampl i f i e r  and f i l t e r ,  and  was recorded  on a o s c i l l o g r a p h i c  
r eco rde r .  

The tempera ture  of t h e   e n t i r e   a p p a r a t u s  w a s  r a i s e d  
o r   l owered   t o   rough ly  a f e w  degrees   be low  the   des i red  
sample  temperature  by  blowing a i r  and  dry ice  vapor   in to   an  
insu la ted   box   which   comple te ly   enc losed   the  be l l  j a r  and 
feed- through  co l la r .   This   a i r -dry  ice  vapor   mixture  w a s  
supp l i ed  and  temperature  conditioned  from a c i r c u l a t i n g  
gas c o n t r o l l e r .  Once th i s   app rox ima te   t empera tu re   con t ro l  
w a s  e s t a b l i s h e d ,   t h e   h e a t i n g   c o i l s ,  J, s e e n   i n   F i g u r e  6 ,  
were used   to   f ine   cont ro l   the   sample   t empera ture .   These  
h e a t i n g   c o i l s  were made of a length   o f   n ichrome  res i s tance  
wire wound around  two  cyl indrical ly   shaped glass spools .  
These  spools  were p l a c e d   s u c h   t h a t   t h e  sample was cen te red  
i n s i d e  of  one  spool  while a dummy sample, K,  was cen te red  
i n s i d e   t h e   o t h e r .  The r e s i s t a n c e  wire was connec ted   t o  a 
v a r i a b l e   t r a n s f o r m e r  which i n   t u r n  was c o n n e c t e d   t o  a temper- 
a t u r e   s e n s o r - c o n t r o l l e r .  The dummy sample was i d e n t i c a l   t o  
t h e   a c t u a l  sample except  it was d r i l l e d   a x i a l l y  so  as t o  
allow  emplacement  of a b e a d   t h e r m i s t e r   i n  i t s  c e n t e r .  Powder 
f r o m   t h e   d r i l l i n g  w a s  packed   back   i n to   t he   ho le  of t h e  dummy 
sample a f te r  t h e   t h e r m i s t e r  w a s  p laced .  The t h e r m i s t e r  
w a s  connected t o   t h e   t e m p e r a t u r e   s e n s o r - c o n t r o l l e r   w h i c h  
h a d   s t r i p - c h a r t   r e c o r d i n g   c a p a b i l i t y .   I n   t h i s  way, a con- 
t inuous  measure  of   the  dummy sample  temperature  w a s  ob ta ined ,  
and p r e c i s e   t e m p e r a t u r e   c o n t r o l   o f   t h e  real  sample was 
r e a l i z e d .  A p rec i s ion   o f  f. .02OC w a s  o b t a i n e d   f o r  a l l  
excep t   t he  5OC runs .  The 5OC runs  were c o n t r o l l e d   t o  5 . 2oc. 

i n c h   o i l   d i f f u s i o n  pump w a s  backed up by a s t anda rd  

I n   o p e r a t i o n ,  a to rque  w a s  app l i ed   t o   t he   s ample   t h rough  

The  pumping s t a t i o n  w a s  o f   convent iona l   des ign;  a 6 
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mechanical  forepump. A l i q u i d   n i t r o g e n   t r a p   p r o t e c t e d  
t h e  bel5 ja r  from pump o i l   con tamina t ion .   P re s su res   o f  
5 x 10’ t o r r ,  measured  by a c a l i b r a t e d   i o n i z a t i o n  gage and 
c o n t r o l l e r ,   c o u l d  be achieved i n  30 m i n u t e s   w i t h   t h i s  
system. 

C. Sample Prepara t ion   and   Precondi t ion ing  

Samples of each   o f   t he   t h ree  materials were cut   f rom 
t h e   c e n t e r   o f   s i n g l e ,  large b locks  of t h a t  material. They 
were c u t  f rom  the  same block  face each t i m e .  A t h i n  w a l l  
s t a i n l e s s  s teel  b o r e r  was u s e d   t o   c o r e   o u t   t h e s e   c y l i n d r i c a l  
rod  shaped samples which  averaged  about 0.8 c m  diameter .  
The rods were t h e n   c u t   t o   a b o u t  a 7 c m  length   wi th  a r a z o r  
blade. An epoxy r e s i n  (Type  A l ,  Armstrong  Products Co., 
Warsaw, Ind.)  w a s  u s e d   t o   g l u e   f l a t  aluminum d i s c s   t o   t h e  
sample ends. A j i g  w a s  u s e d   i n   t h e   g l u e i n g   p r o c e s s  t o  
i n s u r e   t h a t   t h e  two d i s c s  were cen te red  and p a r a l l e l   t o   o n e  
another .   Holes  were d r i l l e d  i n   t h e   p e r i m e t e r   o f   t h e   d i s c s  
t o   a l l o w   f o r   m o u n t i n g   i n   t h e   t o r s i o n  pendulum.  Figure 7 
shows a sample   r eady   fo r   t e s t ing .  

Each  sample was precondi t ioned  a t  a d e s i g n a t e d   r e l a t i v e  
humidity  and a t  room tempera tu re   fo r  a minimum of  two  weeks. 
The proper   re la t ive   humidi ty   a tmospheres  were achieved  by 
wa te r -g lyce5fn   so lu t ions   p l aced   i n   t he   bo t tom  o f   a i r - t i gh t  
d e s i c c a t o r s  . Glued-up  samples were p laced   on   she lves  
above   the   so lu t ions .  A l l  of t h e  ESM 1004x and SLA 561v 
samples were precondi t ioned  a t  50 p e r c e n t  R.  H. Three TPH 3105 
samples were precondi t ioned  a t  50 p e r c e n t ,  two a t  25 p e r c e n t ,  
and t w o  a t  75 p e r c e n t  R.H. 

D. Test Procedure 

On removing a sample  f rom  the  proper   precondi t ioning 
d e s s i c a t o r ,   t h e  time r e q u i r e d   t o  mount the   samples   and   a l ign  
a l l  of  the  complimentary  components  of  the  torsion  pendulum 
w a s  approximate ly   one   hour .   Af te r   th i s  an a d d i t i o n a l   h a l f  
hour w a s  needed t o  pump the   sys tem down t o   t h e  t e s t  p r e s s u r e ,  
and achieve   t empera ture   cont ro l .  Temperature c o n t r o l   o f  
the  sample w a s  e s t a b l i s h e d  as soon as t h e  be l l  j a r  p r e s s u r e  
r eached   t he  10-5 t o r r   r a n g e .  

a n d   p r e s s u r e ,   t h e   t o r s i o n  pendulum w a s  a c t i v a t e d  as desc r ibed  
above  and t h e   o u t p u t   r e c o r d e d   f o r  l a t e r  a n a l y s i s .  The 
b e l l  j a r  w a s  t hen  pumped o u t  as q u i c k l y  as p o s s i b l e  The 
z e r o  of vacuum exposure time w a s  noted when 1 x t o r r  
w a s  reached. A data p o i n t  was t aken  a t  t h i s  t i m e .  

on t h e  f irst  day  of a t e s t  run. A minimum of  about  1000 

When a sample w a s  mounted and still a t  ambient  temperature 

I n t e r v a l s   o f  15  t o  30 minutes   separa ted  t h e  d a t a   p o i n t s  
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seconds w a s  r e q u i r e d   b e t w e e n   p o i n t s   i n   o r d e r   f o r   t h e   i n e r t i a  
wheel t o  come t o  rest p r i o r   t o   a c t i v a t i n g   t h e   t o r s i o n  pendulum. 
On suceeding  days a per iod   progress ing   f rom an hour to 5 
o r  6 h o u r s   s e p a r a t e d   d a t a   p o i n t s .   T y p i c a l l y ,   a b o u t  30 
da ta   po in t s   migh t  be obta ined   dur ing  a 4 day tes t  run. 

Samples of SLA 561  and TPH 3105  each  underwent tests 
of n ine ty-s ix   hours  vacuum exposure t i m e  a t  45O C, 25O C, 
and 5O C. ESM 1004x ,   i n   add i t ion  t o  these   t empera tu res ,  
underwent a t e s t  a t  80° C.  The samples of TPH 3105  which 
were p recond i t ioned  a t  25 p e r c e n t  and  75 p e r c e n t   r e l a t i v e  
humidity were s u b j e c t e d   t o  vacuum exposure   for   n ine ty-s ix  
hours  a t  250 C. Logs of t he   t empera tu re  and p r e s s u r e   i n s i d e  
t h e  be l l  j a r  were kep t   du r ing  a l l  o f   t h e s e   r u n s .  
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IV .  DATA REDUCTION 

A. Ca lcu la t ion   of   the   Modul i  

A reproduct ion   of  a r eco rde r  trace obta ined   dur ing  a 
t y p i c a l   t o r s i o n  pendulum  experiment is  shown i n   F i g u r e  8. 
The charac te r i s t ic  damped s i n e  wave which appears may be 
ana lyzed   i n  terms of the   f r equency   o f   t he   o sc i l l a t ion ,* ,  
and  the  damping,  expressed as t h e   a m p l i t u d e   r a t i o  A1/A2. 

t h e  same as those   used   by   Nie lsen18  and   o thers l l :  
The f o r m u l a s   u s e d   f o r   t h e   c a l c u l a t i o n s  are e s s e n t i a l l y  

W =  f requency  of   output ,   radians/sec 
I = moment o f   i n e r t i a   o f   w h e e l ,   g r  c m  
r = sample r a d i u s ,  c m  
L = sample l e n g t h ,  c m  
AI= amplitude  of wave 'In'' 
A2= ampli tude  of  wave 'In + 1" (see F igure  8) 
b = shape   f ac to r ,  cm3 
G*= complex  modulus,  dynes/cm2 
G I =  s torage  modulus,  dynes$cm2 
G"= l o s s  modulus,  dynes/cm 

2 

and  the  complex  modulus, G*, i s  seen   t o   have  two c o n t r i b u t o r s :  
the   s torage   modulus ,  G ' ,  and t h e  loss modulus, G " .  Equat ions 
1 - 4 are  a p p l i c a b l e  when t h e  material unde r  a n a l y s i s  i s  
l i n e a r l y   v i s c o e l a s t i c   ( f o r   d i s c u s s i o n   o f   t h i s  see r e f e r e n c e  
10)  and when GI' 4 G ' .  I n   p a r t i c u l a r ,   t h e   f u l l   e q u a t i o n  
f o r  G I  i s  18: 

G 1 = I W 2  [ I -  1 
471'2 (5 )  

b 
The 1 ( In  A l )  term has   been   neg lec t ed   i n   ou r   s to rage  

4 772 N2 
modulus ca l>ula t ion   because  it is  n e g l i g i b l y  small. It is  
on t h e  o r d e r   o r  0.0016 when compared t o  bne when t y p i c a l  
ampl i tudes   ob ta ined   i n   t he   p re sen t  work are  s u b s t i t u t e d .  

B. Analys is   o f  Vacuum Exposure  Effects .  
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An.empir ica1  equat ion w a s  used t o  f i t  t he   i so the rma l  
modulus as a func t ion   of  vacuum exposure t i m e  da t a   ob ta ined  
i n   t h i s  work.  The  equation is: 

l o g  G = I I- n(B-3) 

where G can be e i t h e r   t h e   s t o r a g e   o r   t h e  l o s s  modulus, I 
is  log   o f  G a t  1000 seconds  of vacuum exposure,  B i s  t k l o g  
o f   t he  vacuum exposure t i m e  expressed   in   seconds ,  n i s  t h e  
s lope   o f   t he   l i nea r   l i ne   s egemen t   ex t en t ing   f rom B = 3 
t o  some exposure t i m e  B=Bc, and d i s  a c o n s t a n t   e q u a l   t o  
z e r o  i f  B L Bc and  equal t o  0.405 i f  B > Bc. This   equa t ion  
w a s  no t   chosen   f rom  theo re t i ca l   cons ide ra t lons   bu t   because  
it was found t o   p r o v i d e  an   adequate   representa t ion   of  
t h e   d a t a .  
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V. RESULTS AND DISCUSSION 

A. General Comments on the   Accuracy ,   Prec is ion   and   In te rpre ta -  
t i o n   o f   t h e  Resul ts .  

Test for L i n e a r i t y  

each of t h e   t h r e e  test  materials. Equat ions 1-4 are n o t   v a l i d  
fo r   non- l inea r ly   v i scoe la s t i c   so l id s   and   non- l inea r   ana lys i s  
i s  e x t r e m e l y   d i f f i c u l t .  A sample of each material a t  25OC 
was s u b j e c t e d   t o  a number of shea r  s t r a ins  up t o  5.23 x 
r a d i a n   p e r  c m  length,   approximately twice t h e  s t r a i n  level 
used i n  t h e   s t a n d a r d   t e s t i n g   p r o c e d u r e .  I n  a l l  cases t h e  
ca lcu la ted   modul i  w e r e  i d e n t i c a l  and  independent of s t r a i n .  
T h i s   c o n s t i t u t e s   s u f f i c i e n t   p r o o f   o f   l i n e a r   v i s c o e l a s t i c  
response.  

L i n e a r   v i s c o e l a s t i c   b e h a v i o r   h a d   t o  be e s t a b l i s h e d   f o r  

P r e c i s i o n  

ments was de t e rmined   fo r   each   o f   t he   t h ree  t e s t  materials. 
The p r e c i s i o n   ( r e p r o d u c i b i l i t y )  of t h e  modulus  measure- 

This  w a s  accomplished  by  comparing  results  obtained  on 
s e v e r a l   i d e n t i c a l l y   p r e p a r e d   a n d  tested samples  of  each 
mater ia l .   These  comparat ive tes ts  were r u n   a t   a t m o s p h e r i c  
p re s su re ,   no  vacuum hav ing   been   app l i ed   t o   t he   s amples .  
D e t a i l e d   r e s u l t s  are p r e s e n t e d   i n  Appendix A. Summarized, 
t h e  r e s u l t s   i n d i c a t e  good r e p r o d u c i b i l i t y .  The complex 
moduli were as fol lows:  

MATERIAL 

ESM 1004x 
SLA 561v 
TPH 3105 

Two d a t a   r e a d i n g s  were made a t  each 
during  an  experiment .  The qreatest 
fe rence   be tween  these  two  which w a s  

RANGE OF G*, EXPRESSED 
AS % OF THE MEAN VALUE 

5.10 
2.51 

0.436 

vacuum exposure time 
complex  modulus d i f -  
observed  in   each  case 

was d i v i d e d   b y   t h e  mean of t h e  two moduli i n   o r d e r   t o   g e t  
t h e   r a n g e s  l i s t ed  above.   Further  comments  on p r e c i s i o n  may 
be found i n  t h e   E r r o r   A n a l y s i s   s e c t i o n .  
Accuracy 

The  accuracy  of  the  torsion  pendulum  instrument w a s  
checked  by  comparison  of i t s  da ta -on  SLA 561v w i t h   t h a t  of 
The Nat ional   Bureau  of   Standards  on  the same material22. 
Appendix B l i s t s  t h e  t e s t  c o n d i t i o n s   a n d   r e s u l t s   i n   d e t a i l .  
B r i e f l y ,   t h e  complex  moduli  obtained i n   t h e   s u b j e c t  work 
were w i t h i n  4% of t h e  NBS v a l u e s .   T h i s   c e r t a i n l y   i n d i c a t e s  
t h a t   t h e   t o r s i o n  pendulum  equipment was func t ion ing   p rope r ly  
a n d   t h a t   t h e   d a t a   a n a l y s i s  was c o r r e c t .  

on the   accu racy   o f   t he   modu l i   de t e rmina t ions   f rom  sample   t o  
sample. 

The E r r o r   A n a l y s i s   s e c t i o n   c o n t a i n s   q u a n t i t a t i v e  comments 

I n t e r p r e t a t i o n  
S i n c e   t h e   r e s u l t s  are preserf:e? belob; i n  terms of G ' ,  

G" , and G* , a brief d i s c u s s i o n  :.f Iihese , c d . - ' t  li fo l lows .  
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The time dependence of moduli of v i s c o e l a s t i c  materials 
i n d i c a t e s   t h a t ' b o t h   s t r a i n  and ra te  of s t r a i n  must be considered 
i n  tes t ing l0P1l .  S t r a i n   c o n t r i b u t e s   t o   t h e  modulus i n  a t i m e  
independent   o r  e l a s t i c  way: Young& modulus i s  an example. 
S t r a i n  ra te  c o n t r i b u t e s   t o   t h e  modulus  because of t h e  material's 
r e s i s t a n c e   t o   v i s c o u s   f l o w .   S t r a i n   a n d   s t r a i n  rate c o n t r i -  
b u t i o n s  t o  t h e   t o t a l ,  or complex,  modulus (G*), are denoted 
by G'  and GI' r e s p e c t i v e l y   i n  a dynamic  shear t e s t .  The 
e l a s t i c  component, GI, is  a measure   o f   the   energy   s tored  
i n   t h e  material dur ing   one   cyc le   in   the   dynamic  test8. 
Conversely,  G" measures t h e  d i s s ipa t ion   o f   ene rgy  per c y c l e  
and i s  manifested as t h e  damping e f f ec t  i n  t h e   t o r s i o n  
pendulum type  of  dynamic test8. 

B. The ESM 1004x Material 

R e s u l t s  
A l l  o f   t h e  ESM 1004x  samples were precondi t ioned  a t  

50% R.  H. as desc r ibe .d   i n   t he   expe r imen ta l   Sec t ion .   F igu res  
9 and 10 show the   dependence   of   the   i so thermal   s torage   and  
lo s s  moduli on  vacuum ex   osure  time. The be l l  jar  p r e s s u r e  
i n  a l l  cases w a s  5 x 1o-g t o r r   o r  less. A pressure- t ime 
h i s to ry   fo r   each   run   has   been   p rov ided   i n   Append ix  C.  The 
complex  modulus data c o i n c i d e   t o  bet ter  t h a t  1% a t  a l l  p o i n t s  
with  the  s torage  modulus  and so are n o t  shown s e p a r a t e l y .  

The i n f l u e n c e  of temperature  on t h e  moduli  of ESM 1004x 
i s  shown i n   F i g u r e s  11 and 12. A l l  t h e s e   d a t a  were obta ined  
a t  a tmospher ic   p ressure .  
S toraqe  Modulus Discuss ion  

a p p e a r s   i n  G '  du r ing   t he   fou r   day  vacuum exposure.   Figure 
1 0  i l l u s t r a t e s  t h a t ,   w i t h i n   t h e   p r e c i s i o n   o f   t h e s e   r e s u l t s ,  
G' of ESM 1004x i s  p red ic t ed   t o   r ema in   cons t an t   unde r   t he  
imposed t e s t  c o n d i t i o n s  and p recond i t ions .  A t  8 C only,  
a n a l y s i s  of t h e   d a t a  shows a p o s s i b l e   i n c r e a s e  of 5-8"/, i n  GI, 
t o o   c l o s e   t o   t h e   e x p e r i m e n t a l   e r r o r   o f 2 2 %   t o  be regarded as 
conclusive  evidence  of  a change.  These data  t h u s   i n d i c a t e  
t h a t   i n  s t a t i c  app l i ca t ions   (no   change   i n   s t r a in )   t he   modu lus  
of 50% R. H. p r econd i t ioned  ESM 1004x i s  s table  t o  vacuum 
exposures  of  about 5 x t o r r   f o r   f o u r   d a y s .  

w a s  unexpected (see r e f e r e n c e  10 f o r  a d i scuss ion   o f  t h e  t e m -  
perature   dependence  of   rubbery materials) .  F igu re  1 2  shows 
t h a t   f o r  a s i n g l e  sample the  temperature   dependence of G'  
was s l i g h t  and similar t o   t h a t   u s u a l l y   f o u n d   f o r   e l a s t o m e r s l O .  
Th i s   i nd ica t ed   t he   s ample - to - sample   va r i a t ion   fo r   t h i s  material 
w a s  l a r g e  (see E r r o r   A n a l y s i s   s e c t i o n )   e v e n   t h o u g h   t h e   r e l a t i v e  
va lues  were r a t h e r  precise. Due t o   t h e  numerous l a r g e   p o r e s  
and t h e   i l l - d e f i n e d   b o u n d r i e s   o f   s a m p l e s   o f   t h i s  material 
t h i s   f l u c t u a t i o n  i s  no t   su rp r i s ing .   Equa t ions   1 -4  show t h a t  

I n  t h e  5" C - 800 C temperature   range,   very l i t t l e  change 

The o r d e r  G'  (80° C)  > G' (5O C)  > G '  (45O C )  > G '  (25O C) 
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G' depends on the  forth  power of the  sample  radius,  and  thus, 
dimensional  uncertainties  are  magnified in the  moduli  calcu- 
lations. 
Loss Modulus  Discussion 

exposure. This is illustrated in Figure 13 which  shows, 
on an  enlarged  scale,  least  squares  regression  lines  determined 
from  the  same data plotted in Figure 10. The absolute  values 
of the  isotherms  are, as discussed  above , not  as expected. 
But, the  slopes of the  lines  indicate  a  steadily  increasing 
rate of G" degradation  with  temperature  increase.  This 
dependence is summarized in Figure 14. 

At 80° c a 25.5% decrease of GIt occurred  after  the 
four  day  vacuum  exposure. This could be quite  serious if 
ESM 1004x was used in applications  where  high  strain  rates 
were  applied  and  the  material  was  accordingly  tested. 

Significant  decreases  in G" occurred  during  the  vacuum 

Accelekited  Testinq  Discussion 
No suDerDosition  scheme  was  found  that  would  work on 

the data fLr k M  1004x.  For GI thiswas simply  because  there 
m S  no change  detected  that  was  large  enough  to  accelerate. 
In the  case of G", the  straight  lines  of  Figure 1 3  may be 
extrapolated to long  times.  Alternatively,  the  equation 

where G"(t=O) is the  experimentally  determined loss modulus 
prior  to  vacuum  exposure,  t is the  vacuum  exposure  time 
in  seconds,  and n'is  obtained  from Figure 14, can be used to 
predict  the loss modulus  after  long  vacuum  exposures. 
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C. The SLA 561v Material 

R e s u l t s  

condi t ioned  a t  50% R.H.. The complex, storage, and loss  
moduli   isotherms are shown i n   F i g u r e s   1 5 ,   1 6   a n d  1 7  as 
f u n c t i o n s . o f  vacuum exposure time. Runs were made w i t h   t h e  
samples thermosta ted  a t  5O C,  250 C ,  and 45O C. Pressure-  
time h i s t o r i e s   f o r   e a c h   o f   t h e   t h r e e   r u n s  are l i s t e d   i n  
Appendix D .  T h e s e   h i s t o r i e s   i n d i c a t e   t h a t   p r e s s u r e   e n v i r o n -  
ments  of 5 x 10-5 t o r r   o r  less e x i s t e d   d u r i n g  a l l  t h e   r u n s .  

SLA 561v.  The  sample  dimensions were unambiguous  and 
easily  measured.  Hence, as d i s c u s s e d   i n   d e t a i l   i n   t h e   E r r o r  
Ana lys i s   s ec t ion ,   t he   abso lu t e   va lues   o f   t he   modu l i   i n  
each  run  should be r e l a t i v e l y   a c c u r a t e .  
S toraqe  Modulus Discussion 

N o  change w a s  obse rved   i n  G '  d u r i n g   t h e  vacuum exposure 
of   four   days .   F igure  1 6  shows t h a t  when a double   logar i thmic  
p l o t  of G '  E. vacuum exposure time w a s  made, s t r a i g h t   l i n e s  
o f   s l o p e   z e r o   r e s u l t e d  a t  a l l  t h r e e  t e s t  tempera tures .  The 
r e l a t i v e   o r d e r i n g   o f  tbe moduli i n  which  the 5O C modulus 
w a s  h i g h e s t   a n d   t h e  45  C modulus w a s  1owes t .was   cons i s t en t  
w i t h   p r e v i o u s   r e p o r t s l g .  

These G '  r e s u  t s  should be compared w i t h   t h e   d a t a  of 
Greenwood and Ward who found  tha t  vacuum produced a d e f i n i t e  
i n c r e a s e   i n   t h e   s t r e s s - r e l a x a t i o n   m o d u l u s ,  E r ,  of SLA 561v. 
S i n c e   t h e i r  tests were r u n   a t   z e r o   s t r a i n   r a t e   ( b y   d e f i n i t i o n  
o f   t he   s t r e s s - r e l axa t ion   modu lus )  t h  n E r  and G '  should be 
d i r e c t l y   p r o p o r t i o n a l   t o  one  another i5 . The  most  apparent 
exp lana t ion   fo r   t he   d i sc repancy   be tween   t he   obse rva t ions  
comes from t h e   f u n d a m e n t a l   d i f f e r e n c e   i n   t h e  two types  of  
t e s t  invo lved .   In  a s t r e s s - r e l axa t ion   expe r imen t   t he   s ample  
i s  c o n t i n u o u s l y   s u b j e c t e d   t o  a f ixed   imposed   s t ra in   th rough-  
o u t   t h e  t e s t  pe r iod .  However, t h e  dynamic t e s t  as employed 
i n   t h e   s u b j e c t  work a p p l i e s   s t r a i n   o n l y   i n t e r m i t t a n t l y   t o  
t h e  sample. Thus, s ta tes  o f   s t r a i n   e x i s t   i n   t h e   s a m p l e  less 
than 0.1% .of t h e   t o t a l  t e s t  time. Should vacuum induced 
changes   in  SLA 561v  depend on non-zero s t r a i n  states e x i s t i n g  
i n   t h e  t e s t  sample, then  Greenwood and  Ward's  experiments 
would  have  detected  modulus  variations  whereas  none  would 
have   been   s een   i n   t he   p re sen t  work. 

A l l  t h e   d a t a   t a k e n  on SLA 561v came from samples pre- 

Sample t o  s a m p l e   v a r i a t i o n   i n   t h e   d a t a  w a s  small f o r  

3 

- Loss  Modulus  Discussion 
The d i scuss ion   o f   t he  GI' r e s u l t s  i s  ve rv  similar t o   t h a t  

f o r  GI. Figure  1 7  r e v e a l s   t h a t  SLA 561v ' s  lGss modulus w a s  
e s s e n t i a l l y   i n d e p e n d e n t  of vacuum exposure t i m e  ove r   t he  four 
day t e s t .  Th i s   obse rva t ion  was t r u e   o v e r   t h e  400 C temperature  
r a n g e   i n v e s t i g a t e d .  
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Accelera ted   Tes t inq   Discuss ion  
Within  the  imposed  experimental   condi t ions no d e t e c t -  

able vacuum induced  changes  occured  in G '  o r  G" (and  hence 
i n  G*). SLA 561v was i n d i c a t e d   t o  be a very  stable material 
w i t h   r e s p e c t   t o  i t s  mechan ica l   i n t eg r i ty   du r ing  vacuum 
exposures  and small sample  deformations.  It f o l l o w s   t h a t  
t h e r e  w a s  n o t h i n g   i n   t h e  data t o  which  any a c c e l e r a t e d  t e s t i n g  
technique  might  be app l i ed .  

D. The TPH 3105 Material 

R e s u l t s  
The e f f e c t s  of vacuum exposure  on  the  moduli  of 50% 

R.H. p recondi t ioned  TPH 3105 are shown i n   t h e   i s o t h e r m s .  
p l o t t e d   i n   F i g u r e s  18, 19  and  20.   Pressure- t ime  his tor ies  
f o r   t h e s e   r u n s  are g i v e n   i n  Appendix E: t h e s e  show t h a t  
environments  of 5 x lom5 t o r r   o r  less were a p p l i e d   t o   t h e  
samples   du r ing   t e s t ing .  

The consequences   o f   vary ing   the   p recondi t ion ing  R.H. 
were a l s o  examined f o r  TPH 3105. F igu res  2 1 , 2 2  and 23 
show t h e  moduli-vacuum exposure  t ime 2 5 O  C i s o t h e r m f o r  
samples   sub jec t ed   t o  25%, 50% and 75% R.H. p recondi t ion ing .  
Appendix F c o n t a i n s   t h e  a p r o p r i a t e   p r e s s u r e - t i m e   h i s t o r i e s  
which r e v e a l   t h a t  5 x 10-F t o r r   o r  less of vacuum w a s  app l i ed  
to   t he   s amples   du r ing   t hese   runs .  

TPH 3105 w a s  about 0.5%. There w a s  little u n c e r t a i n t y  
assoc ia ted   wi th   the   sample   d imens ions ,  and no v i s i b l e   o r  
v i s c o e l a s t i c   s i g n s   o f   d e w e t t i n g  of t h e   f i l l e r - b i n d e r   i n t e r -  
f a c e  were found .   In   add i t ion ,   t he re  w a s  no   apparent   co lor  
change a t  any   s tage  of t h e   p r e p a r a t i o n   o r   t e s t i n g   o f  
TPH 3105. 

A s  p rev ious ly   p re sen ted ,   t he   p rec i s ion   o f   t he   da t a   fo r  

S toraqe  Modulus Discussion 
T h i s   d i s c u s s i o n  is c o n f i n e d   t o   t h o s e  samples precondi t ioned  

a t  50% R.H.. F igure  19 shows t h a t  G '  increased  w i t i ;  i n c r e a s i n g  
vacuum exposure.  The r e s u l t i n g  5 O  C ,  250 C and 45O C i so therms 
are ve ry  similar i n   s h a p e .   I n   t h e   i n i t i a l   s t a g e s  of vacuum 
e x p o s u r e ,   F i g u r e   1 9   i l l u s t r a t e s  a l i n e a r   r e l a t i o n s h i p   b e t w e e n  
l o g  G' and  the   logar i thm  of  vacuum exposure time. During 
t h e   f i n a l  3.5 o r  so days  of   the t e s t  a c u r v e d   r e l a t i o n s h i p  
i s  found as shown. F igu re  24 c o n t a i n s  a r e p l o t  ( 2 5 O  C 
i so therm  only)   o f   the   da ta   f rom  the   curved   reg ion   appear ing  
in   F igu re   19 .  The l i n e a r  scale used i n   F i g u r e  24 makes it 
clearer t h a t  G '  asymptot ical ly   approached a l i m i t i n g   v a l u e  
d u r i n g   t h e  t e s t  r u n .   T h i s   l i m i t i n g   v a l u e   r e p r e s e n t e d   a n  
increase i n  G' of 23%,  37%  and  31% a t  5O C, 25O C and 
450 C ,  r e s p e c t i v e l y .  

f requent ly   been   observed   to   increase  on lo s s  of  low  molecular 
The s torage   modul i  of v i s c o e l a s t i c  materials have 
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w e i g h t   " p l a s t i c i z i n g "   d i l ~ e n t s * ~ .   D e h y d r a t i o n  of the   bu tad iene-  
acry l ic   ac id   copolymer   used  as a b i n d e r   f o r  TPH 3105 could 
eas i ly   have   been   respons ib le   for   the   observed   modulus   increase .  
Whatever   the   cause ,   the  material was e l a s t i c a l l y   " s t r o n g e r "  
i n   r e s i s t i n g  small deformations a f t e r  i t s  vacuum exposure 
of fou r   days .  - Loss Modulus Discuss ion  

Only t h e   d a t a  from samples p recond i t ioned  a t  50% R. H. 
are d i s c u s s e d   i n   t h i s   s e c t i o n .   F i g u r e  20 shows t h a t   t h e  
TPH 3105 loss modulus  behavior   in  vacuum envi ronments   para l le led  
tha t   o f   the   s torage   modulus .  The 25O C i s o t h e r m   i n   F i g u r e  
25 s u g g e s t s   t h e  same a s y m p t o t i c   c h a r a c t e r i s t i c   f o r  G" as 
w a s  observed  in   the  s torage  modulus case. The asymptotes 
approached  by GI' gave rise t o  36%,  56%  and 54% i n c r e a s e s  
i n   t h e  loss modulus a t  5O C ,  25O C and 45O C ,  r e s p e c t i v e l y .  

For  homogeneous po lymer i c   ma te r i a l s  t h e  loss  and s t o r a g e  
moduli   usual ly  are observed t o  change i n   o p p o s i t e   d i r e c t i o n s  
when envi ronmenta l   parameters   a re   a l te red  . For  composites 
such as TPH 3105,  however,   the  opposite  tendency  has some- 
times been  observed5.  There are s e v e r a l   p o s s i b l e   e x p l a n a t i o n s  
c o n s i s t e n t   w i t h   t h i s   b e h a v i o r :  

8 

(1) An a l t e r a t i o n   o f   t h e   b i n d e r   m i c r o s t r u c t u r e  
(see reference  5)  might  have  been  involved. 

This  i s  t h o u g h t   t o  be c a u s e d   b y   p a r t i a l   d i s s o l u t i o n  
o f   t he  s a l t  (AP i n   t h e  case of TPH 3105) i n t o   t h e  
b inder .   This   consequent ly  raises t h e   i n t e r n a l  
v i scos i ty   o f   t he   b inde r ' s   po lymer i c   ne twork   and ,  
h e n c e ,   t h e   c o n t r i b u t i o n   o f  G " .  

both   geometr ica l ly   and   wi th  respect t o  i n t e r -  
molecular   forces .  The i n t e r n a l   r e s i s t a n c e   t o  
flow as measured  by G" would t h u s  be modified.  

i n i t i a t e d   b y  t h e  vacuum exposure.  One o f   t hese  
might   in f luence  G' and t h e   o t h e r ,  G " .  

of TPH 3105 t o  vacuum w a s  found t o   s i g n i f i c a n t l y   i n c r e a s e  
G '  by   t he  end of a four   day  exposure.  The material w a s  t hus  
bet ter  a b l e   t o   a b s o r b   e n e r g y   i n  a deformation  and  corres- 
pondingly less "b r i t t l e " .  
Precondi t ion inq   Ef fec ts   Discuss ion  

D i f f e r e n t   p r e c o n d i t i o n i n g   e n v i r o n m e n t s   c l e a r l y   a l t e r e d  
t h e  TPH 3105 p r o p e l l a n t ' s   v i s c o e l a s t i c   p r o p e r t i e s .   F i g u r e s  
22 and  23 show t h a t  a t  25O C t h e  i n i t i a l  (pre-vacuum  exposure) 
loss and s torage   modul i  were increased by  32.4%  and  46.0% 
r e s p e c t i v e l y  when t h e   p r e c o n d i t i o n i n g  R.H. w a s  lowered  from 
75% t o  25%. F igu res  26 and 27  p r e s e n t   t h e   i n i t i a l  modulus- 
R.H. r e l a t i o n s h i p   i n   l i n e a r i z e d  form. 

( 2 )  The b i n d e r - f i l l e r   i n t e r f a c e   m i g h t   h a v e   b e e n   a l t e r e d  

(3)  There  might be competing  mechanisms  of some k ind  

Summarizing t h e  l o s s  modulus behavior ,   the   exposure  

Inspec t ion   o f   F igu re  2 2  s u g g e s t s   t h a t   t h e   t h r e e   s t o r a g e  
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moduli   represented  there   converged  toward a common i so therm 
a t  t h e   l o n g e r  vacuum exposures .   This  w a s  n o t  so f o r   t h e  loss 
modulus  according t o   F i g u r e  23.  Only f o r  G' were t h e   e f f e c t s  
fo   va ry ing   p recond i t ion ings   l e s sened   by   t he  vacuum environ- 
ment .   This   evidence  supports   explanat ion  (3)   above  because 
it i m p l i e s   m u l t i p l e  mechanisms were i n v o l v e d   i n   t h e   c h a n g e s   i n  
TPH 3105. 
Accelerated Tes t inq   Discuss ion  

The d a t a  on TPH 3105 were found t o  be nonsuperimposable; 
they   could   no t  be u s e d   t o   c o n s t r u c t  a master c u r v e   o f - t h e  tTSP 
type .   S imi l a r ly ,   a t t empt s   t o   supe r impose   t he   da t a   u s ing  
t h e   p r e c o n d i t i o n i n g  R.H. as the   i ndependen t   va r i ab le   i n s t ead  
of   temperature  were no t   success fu l .  A v a r i e t y   o f   l i n e a r ,  
l oga r i thmic  and  semi- logari thmic  plots  were made 
i n  these u n s u c c e s s f u l   e f f o r t s   t o   e x p a n d   t h e  time scale of 
vacuum exposure.  

I n   l i e u   o f   s u p e r p o s i t i o n   m e t h o d s   a n   a n a l y t i c   t e c h n i q u e  
w a s  a p p l i e d   t o  accelerated t e s t i n g   o f  TPH 3105.  Equation 6 
w a s  used t o   r e p r e s e n t   t h e  data shown i n   F i g u r e s  18-23. 
Cons tan ts   o f   the   equat ion  were e m p i r i c a l l y   a d j u s t e d   f o r   e a c h  
i s o t h e r m   a n d   p r e c o n d i t i o n i n g   i n   o r d e r   t o   o b t a i n   a n   a c c u r a t e  
f i t   t o   t h e  data o v e r   t h e   e n t i r e  t e s t  per iod .   These   cons tan ts  
are l i s t e d   i n  Appendix G.  The agreement  between  moduli 
ca l cu la t ed   u s ing   Equa t ion  6 and   t he   ac tua l   expe r imen ta l ly  
determined  moduli w a s  qu i t e   good ;   t hey  were wi th in  0.020 
l o g   u n i t  of each o t h e r   o v e r  most   of   the   four   day vacuum 
exposure (see Appendices H and I f o r  detai led comparisons).  

moduli of TPH 3105 based on t h e  data  of t h e   s u b j e c t  work, f i rs t  
the   appropr ia te   t empera ture   and   precondi t ion ing  R.H. must be 
u s e d   t o   i d e n t i f y  t h e  t h r e e   c o n s t a n t s  I ,  n,  and B, of  Equation 
6 .  Figures  28, 29 and 30 were p r e p a r e d   t o   a i d  i n  t h i s  
s e l e c t i o n .   H a v i n g   t h e   c o r r e c t   c o n s t a n t s ,  a s u b s t i t u t i o n  of 
t h e   l o g   o f  some vacuum exposure t i m e ,  B ,  i n to   Equa t ion  6 
y i e l d s   t h e  predicted modulus. 

To make p r e d i c t i o n s   c o n c e r n i n g   t h e   l o n g  t i m e  ( b 4 days)  
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VI. ERROR ANALYSIS 

Equations  1-3 were u s e d   t o   c a l c u l a t e   t h e   v i s c o e l a s t i c  
moduli from t h e  r a w  data. For   convenience  these  equat ions 
are repea ted :  

G' = - UT2 I 
b 

w r  
2L 

4 
b =  - 

Errors   have   been   eva lua ted   by   us ing   Equat ions  1-3  and 
b y   e s t i m a t i n g  limits f o r  t h e  var ious   observable  parameters. 
T h i s  w a s  done   by   ass igning   e r ror   bands  based on   mul t ip le  
observa t ions   o f  t h e  d a t a .  A f u l l  s t a t i s t i ca l  t r ea tmen t  was 
no t   poss ib l e   g iven  t h e  small popula t ions   and   observa t ions  
involved .   In   genera l ,   un less   ment ioned   o therwise   be low,  
t h e  e r r o r   i n t e r v a l  (2 limit) w a s  ass igned   in   accordance  w i t h  
what w a s  approximated t o  be 2 one  s tandard  deviat ion  (normal  
d i s t r i b u t i o n )   a b o u t   t h e  mean va lue .  

A. E r ro r s   App ly ing   t o  A l l  Three Materials 

- The Moment of I n e r t i a   E r r o r  

of t h e  ro t a t ing   whee l   (w i thou t   t he  attached sample)   of   the  
t o r s i o n  pendulum.  This was determined  from a c a l i b r a t i o n   u s i n g  
the equat ion  

Equation 1 c o n t a i n s  a parameter I, t h e  moment of i n e r t i a  

where : 

ww = 

mome t of   iner t ia   o f   wheel   and   a t tached  sample, 

na tu ra l   f r equency  of o s c i l l a t i o n  of above  wheel 
mounted i n   t o r s i o n  pendulum,  radians/sec 
n a t u r a l   f r e q u e n c y   o f   o s c i l l a t i o n   o f  a s t ee l  
c y l i n d r i c a l   r o d  mounted i n   t o r s i o n  pendulum of 
above  wheel,   radians/sec 
moment o f   i n e r t i a  of above  rod, g/cm 

1/12 (mass) ( l eng th )  

s/cm 9 

2 

18 



Assigning error limits based   on   the  m a x i m u m  observed   devia t ion  
from  the mean v a l u e  gives: 

mass = 35.9725 2 0.0005 g 
l e n g t h  = 14.618 + 0.005 c m  

= 0.1155 + 5.0005  rad/sec 
wr = 0.00625y 2 0.000005  rad/sec 
wW 

S u b s t i t u t i o n   i n t o   E q u a t i o n  8 g i v e s  

I W  
= 2.204 x l o 5  - + 2.5 x l o 3  g/cm2 

Thus, a maximum u n c e r t a i n t y  of about  1% e n t e r e d   i n t o   t h e  
abso lu te   va lue   o f   t he   modu l i   t h rough   t he  Iw e r r o r .   T h i s  
e r r o r  w a s  c o n s t a n t   f o r  a l l  r u n s   r e p o r t e d   i n   t h e   s u b j e c t  
work. 
Amplitude and Frequency  Measurement  Errors 

An e x . m i n a t i o n  w a s  made of a number o f   d u p l i c a t e  
o s c i l l o g r a p h i c   r e c o r d e r  traces (see F igure  8) which 
r e p r e s e n t e d   t h e  r a w  data coming  from t h e   t o r s i o n  pendulum 
v o l t a g e   o u t p u t .  It w a s  observed  that   f requency  could be 
de termined   to   about  0.0015 cyc le   pe r   s econd   i n  1 c y c l e  per 
second.  Amplitudes were r e p r o d u c i b l e   t o   a b o u t  1 . 2  c h a r t  
u n i t s   i n  100 c h a r t   u n i t s .   S u b s t i t u t i o n   o f   t h e s e   e r r o r  
limits and typical numbers f o r  I, b, a n d w i n t o   E q u a t i o n s  
1 and 3 showed t h a t   a b o u t  1% e r r o r  w a s  i n t r o d u c e d   i n  G ’  and 
about  3 . 3 %  v a r i a t i o n   a p p e a r e d  i n  G ” .  These were r e spons ib l e  
f o r   t h e   p r i n c i p l e   p o i n t   t o   p o i n t  modulus f l u c t u a t i o n s   d u r i n g  
any   s ing le   run .  
Er rors   In t roduced  2 Temperature and P r e s s u r e   F l u c t u a t i o n s  

Sample  temperature w a s  c o n t r o l l e d   t o  2 0.02” C dur ing  a 
r u n .   I n   o r d e r   t o  estimate t h e   e f f e c t   o f   t h i s   f l u c t u a t i o n  on 
the  modulus,   Figure 11 w a s  used. I t  w a s  assumed t h a t  ESM 
1 0 0 4 ~  w a s  typical  of a l l  t h r e e  materials i n  i t s  modu US- 
temperature behavior .  A s l o p e ,  dG’/dT, of 3.13 x 10’ dyne/ 
c m 2  deg w a s  determined as an  average  value a t  v a r i o u s   p o i n t s  
on the   cu rve  i n  F i g u r e  11. U s i n g   t h i s   c o e f f i c i e n t   a n d   t h e  
+ 0.02O c v a r i a   i o n   i n   t e m p e r a t u r e ,  it w a s  c a l c u l a t e d   t h a t  

t he reby  be i n t r o d u c e d .   U s i n g   F i g u r e   1 2 , t h e   l o s s  modulus 
f l u c t u a t i o n   d u e   t o   i n p r e c i s e   t e m p e r a t u r e   c o n t r o l  w a s  fOUnd t o  be 
smaller t h a n   t h a t   f o r   t h e   s t o r a g e  modulus.  Both are c l e a r l y  
i n s i g n i f i c a n t   e r r o r s .  

To d e t e r m i n e   t h e   e f f e c t  of a pressure  change  on  the 
materials, moduli   values  were c a l c u l a t e d   f o r   d a t a   t a k e n  a t  
var ious   p ressures   be tween 1 x and 5 x t o r r .   T h i s  
w a s  done fo r   each  material. The effect  o f   t he   p re s su re   change  
on b o t h  G ’  and G ”  v a l u e s  w a s  found t o  be n e g l i g i b l e   f o r   e a c h  
material. 

- 
- + 6.26  dynes/cm5 o f   e r r o r   i n   t h e   s t o r a g e  modulus  could 
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B. E r r o r s   S p e c i f i c   f o r  a P a r t i c u l a r  Material 

T h e s e   e r r o r s   a r o s e   f r o m   u n c e r t a i n t i e s   i n   t h e  sample 
dimensions.  During  any particular r u n   t h e  re la t ive  values 
of ca lcu la ted   modul i  were una f fec t ed  by t h e s e  errprs. 
However,  from sample t o  sample (and a new sample w a s  used 
i n  each   run )   t he   d imens iona l   e r ro r   en t e red   t he   ca l cu la t ions .  

Equation 2 d e f i n e s   t h e   s h a p e   f a c t o r  b which i s  seen t o  
depend  on t h e  sample s i z e .   R a i s i n g   t h e  sample r a d i u s ,  r ,  t o  
the   four th   power ,as   Equat ion  2 demands,means t h a t   a n y   e r r o r  
i n  r w i l l  be g rea t ly   magn i f i ed  i n  t he   ca l cu la t ed   modu l i .  
ESM 1004x Material 

The l a r g e s t   e r r o r s  i n  t h e   s u b j e c t  work o c c u r r e d   i n  
determining  the  dimensions  of  ESM 1004x.  The materials 
i r r e g u l a r   s u r f a c e   b o u n d a r i e s   c a u s e d   t h e   r a d i u s   d e t e r m i n a t i o n  
t o  be known o n l y   t o   w i t h i n  + 0.0075 c m  (estimated  from 
m u l t i p l e  readings)  i n  a radyus  about  0.485 c m .  The sample 
l e n g t h  w a s  de t e rmined   t o  f 0.010 c m  over  a 6 c m  t o t a l  
( s imi l a r ly   e s t ima ted ) .   Accord ing ly ,   t he   abso lu t e   va lue   o f  G'  
and GI' ca lcu la ted   f rom  Equat ions  1-3 v a r i e d   b y  + 8.1% due 
t o   t h e  combined r a d i u s  and l e n g t h   e r r o r s .  
TPH 3105 and SLA 561v Materials 

t h e s e  samples, t h e i r   r a d i i  were measured t o  t -0 ,00325 c m  i n  
abouto.395 c m s  t o t a l .  The length   de te rmina tTon  e r ror  w a s  
t h e  same as f o r  ESM 1004x  above, i . e . ,  5 0.01 c m  over  a 6 
c m  l eng th .  Combining t h e  two  produced a 2 2.82% v a r i a t i o n  i n  
G '  and G " .  

- 

Because  of  the  smooth  and wel l  d e f i n e d   s u r f a c e s  of 

C.  Summary o f   E r ro r   Ana lys i s  

Rega rd ing   t he   va r ious   i nd iv idua l   e r ro r s   d i scussed   above  
as independent,   and  adding  them  together  where  appropriate,  
the  fol lowing  approximate  ass ignments  were made: 

(1) E r r o r s  i n  Absolute Values of  Moduli 
ESM 1004x ...... G' = 4 977 

SLA 561v ...... G' = Ifi 4% 

TPH 3105 ...... G' = 5 4% 

A l l  t h r e e  materials ... G'  =*2% 

GI' = f 9% - 
G" = + 4% - 
G" = + 4% 

( 2 )  E r r o r   i n  t h e  Rela t ive   Modul i  

GI1 = +-4% 
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VII. CONCLUSIONS 

The followinq  conclusions  were  drawn  from  the  results 
of this 

1. 

2. 

3. 

4.  

5. 

6 .  

investigation: 

The torsion  pendulum  was  a  sensitive  and  accurate 
instrument  for  monitoring  the  complex  modulus of 
polymeric  materials  during  vacuum  exposures of 
about 5 x l o m 5  torr. 
Accelerated  testing of vacuum  induced  changes in 
in moduli of ESM 1004x and TPH 3105 could  not be 
done  using  time-temperature  superposition  concepts. 
However, moduli  predictions  were  made  based on 
analytical  extraplations of trends  in  the  data. 

No change  was  detected  in  the  shear  moduli of 
SLA 561v obtained by intermittant  testing  during 
a four  day  vacuum  exposure. 

The storage  modulus of ESM 1004x  increased by 8% 
and the loss modulus  decreased by 38% on exposure 
of the  material to vacuum of about 5 x  torr 
for  four  days  at 45O C. Lower temperatures  produced 
smaller  changes. 

The storage  modulus of TPH 3105 increased  about 
37% and  the loss modulus  increased  about 56% on 
exposure  of  the  material to vacuum  of  approximately 
5 x  torr  for  four  days at 25O C. Tests  at 
5O C and 45O C produced  smaller  changes. 

The TPH 3105 propellant's  mechanical  properties 
were  very  sensitive  to  preconditioning  relative 
humidities. 
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VIII.  RECOMMENDATIONS 

Based on the  results of this  investigation,  the  following 
recommendations for future  work  are  suggested: 

Determine  the  moduli of TPH 3105 and  other  polymeric 
composites  over  long  vacuum  exposure  times  (order 
of  months). These  data  are  greatly  needed  for 
checking  predictive  testing  results. 

Investigate  potential  moduli  changes  during 
simultaneous  application of small  tensile  strains 
(with a  continuous  loading  pattern)  and  vacuum 
environments to  samples of SLA 561v. 

Determine  the  relative  importance of filler,  binder, 
and  interfacial  effects  in  vacuum  induced  moduli 
changes  in  propellant  type  materials. A systematic 
variation  of  sample  composition  combined  with 
vacuum  measurements  would  provide  a  start  in  this 
investigation. 
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APPENDIX  A 

Reproducibility  of  the  Torsion  Pendulum  Data 

Moduli  listed  below were calculated  from  data on samples 
preconditioned  at 50%  R. H. All the  moduli  were  determined 
at 1 atmosphere and at  the  indicated  temperatures. No vacuum 
had  been  applied  to  these  samples  at  the  time of these  tests. 

MATERIAL  SAMPLE NO. G ’ , dynes/cm2 G” , dynes/cm2 G*, dynes/cm2 

ESM1004x 
450 c 

1 
2 

SLA 561v 1 
25O C 2 

3 

TPH 3105 1 
25O c 2 

TPH 3105* 1 
25O C 2 

3 
4 

9.719 x lo5 3.233 x lo4 9.725 x lo5 
10.23 x lo5 3.162 x  lo4 10.23 x lo5 

1.054 x 108 1.271 x  lo7 1.062 x lo8 
1.054 x  lo8 1.300 x  lo7 1.062 x 10; 
1.082 x  lo8 1.233 x  lo7 1.089 x 10 

7.047 x  lo7 7.517 x  lo6 7.087 x lo7 
7.077 x  lo7 7.571 x  lo6 7.118 x lo7 

5.390 x  lo7 6.636 x lo6 5.430 x lo7 
5.390 x  lo7 6.473 x  lo6 5.430 x lo7 
5.390 x  lo7 6.345 x l o 6  5.430 x  lo7 
5.390 x  lo7 6.583 x  lo6 . 5.430 x  lo7 

* preconditioned  at 75%  R. H. 
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APPENDIX B 

Comparison of SLA 561v Resu l t s   w i th  NBS Test on SLA 561v 

To access the   absolu te   accuracy   of   the   modul i   ob ta ined  
b y   t h e   t o r s i o n  pendulum  developed i n  t h i s  work,  comparison 
w a s  made wi th   da ta   ob ta ined   by   the   Nat iona l   Bureau   of   S tandards  
(NBS).  A sample of SLA 561v i d e n t i c a l   i n  a l l  r e s p e c t s  t o  those  
used   i n  t h i s  s tudy  w a s  p recondi t ioned   for   one  month a t  
25O C and 50% R. H. and   t hen   t aken   t o   t he  NBS L a b s  f o r   t e s t i n g .  
The sample was cont inuous ly   kept  a t  50% R. H. u n t i l  imme- 
d i a t e l y   b e f o r e   t h e  t e s t ,  which  took  only a f e w  minutes.  
The NBS tests were performed  on a Weissenberg  Rheogoniometer 
a t  25O C and t h e   r e s u l t s  are as f o l l o w s   ( a l o n g   w i t h   r e s u l t s  
from t h i s   s t u d y  on t h e   i n i t i a l  moduli  of SLA 561v).  

Instrument  G',dynes/cm2 G" , dynes/cm2 

Torsion  pendulum 1.00 x 108 
NBS Rheogoniometer 9.6 x 107 

Tes t son   t he  Rl.leogoniometer were run a t  0.25 H z ,  ve ry  
c l o s e   t o  t h e  nominal  0.24 H z  frequency of t h e  t o r s i o n  
pendulum. 

The agreement  above i s  cons idered   exce l len t   in   v iew  of  
t h e  fac t  t h a t   t h e  loss modulus G" i s  d i f f i c u l t   t o   d e t e r m i n e  
on the  rheogoniometer  when G '  > G" by a f a c t o r   o f  10 .  
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APPENDIX C 

Pressure-time  Histories for ESM 1004x Runs. 

All  samples were preconditioned  at 50% R. H. P = bell 
jar  pressure,  torr: B = log of the  vacuum  exposure in 
seconds. 

5 0  c 25O C 45O c 85O C 
- B ~ ~ 1 0 5  - B ~ ~ 1 0 5  - B ~ ~ 1 0 5  - B ~ ~ 1 0 5  
2.9817  2.5  2.8866 4.2 2.7782  3.7  3.0080  5,. 9 
3.2689  2.4  3.1393  4.2  3.4314  3.0  3.3216  5.9 
3.4496  2.2  3.3572 4.1 4.3904 2.0 3.4935 4.9 
3.5556  2.8  3.5257 4.6 4.6029 1.9 3.6100 4.7 
3.7268 2.0  3.6287 4.0 4.7177 1.9 3.8566  4.2 
3.8638 1.8 3.7219  3.6  4.7910 1.9 3.9109  3.9 
3.9564  2.2  3.7860  3.6  4.8235 1.9 4.0078 3.5 
4.0278 
4.1016 
4.1539 
4.1890 
4.2879 
4 - 3062 
4.4067 
4.4178 
4.7334 
4.7401 

2.2 
1.8 
1.8 
1.9 
1.7 
1.4 
1.6 
1.6 
0.6 
0.58 

3.8566 
3.9564 
4.0053 
4.0515 
4.1118 
4.1647 
4.2198 
4.2673 
4.3432 
4.3594 

3.5 4.8768 
3.5 4.8954 
3.5  4.9279 
3.4  4.9359 
3.4  4.0953 
3.8 5 -1004 
3.4  5.1370 
3.4  5.1464 
3.5  5.2108 
3.4  5.2151 

1.4 4.0584 
1.4 4.5882 
1.2 4.6046 
1.2  4.6255 
1.0  4.7880 
1 .o 4.8952 
1 .o 4.9202 
1.0 5.0178 
1.1 5.0020 
1.2  5.1445 

3.9 
2.3 
2.2 
2.0 
1.5 
1.2 
1.2 
1 .o 
1.0 
1.1 

4.8710 1.0 4.4088 3.4 5.2003 1.2 5.1508 1.0 
4.8755 1.0 4.4188 3.4 5.3105 1.2 5.2455 1.0 
4.9593 0.52 4.7997 3.4 5.3133 1.2 5.2492 1.0 
4.9659 0.56 4.8078 3.4 5.3345 1.3 5.3598 1.0 
5.0481 0.38 4.8151 3.4 5.3383 1.2 5.3642 1 .O 
5.0509 0.37 4.9218 2.8 5.3458 1.2 5.3661 1.0 
5.1793 0.47 4.9271 2.6 5.3520 1.2 5.4750 1.0 
5.1817 0.38 5.0178 1.8 5.4741 3.1 5.4795 1.0 
5.2687 0.28 5.0222 1.7 5.4814 3.1 5.4836 1.0 
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APPENDIX C, CONT. 

5O c 
B - ~ ~ 1 0 5  

5.2714 0.29 
5.3927 0.30 

5.3963 0.28 

5.5038 0.10 

5.5053 0.10 

5.5372 0.92 

5.5300 0.89 

25' C 45O c 85O C 

- B ~ ~ 1 0 5  - B ~ ~ 1 0 5  - B ~ ~ 1 0 5  

5.1983 1 .6  5.4836 3.2  5.5360  1.0 
5.2004 1.6 5.5806 4.0 5.5372 1.0 

5.2830 1 .9  5.5826 4.0  5.5388 1.0 

5.2849 2.0 5.5912 3.9 

5.3873 2.0 5.6730 2.4 

5.3805 2 .O 5.6762 5 .1  

5.4541 1 .6  5.6779 5.1 

5,4552 1 .6  5.7532 5.4 

5.5171 1.8 5.7504 5.2 

5.5192 1 . 9  5.0682 8.0 

5.5370 1.7 5.8693 8.0 

5.5391 1.8 5.8830 8.0 

5.8865  7.7 

5 -0872  7.4 
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APPENDIX D 

Pressure-time  Histories  for SLA 561v  Runs 

All samples  were  preconditioned  at 50% R. H. P = bell 
jar  pressure, torr: B = log of the  vacuum  exposure  time in 
seconds. 

5O c 25O C 45O c 
- B ~ ~ 1 0 5  - B ~ ~ 1 0 5  - B ~ ~ 1 0 5  
3.1755  9.5  3.0563  4.3  3.0786 6.1 
3.2089 9.5 3.0998 4.2 3.1200 6.1 
3.3216 8.6 3.3216 4.0 3.3216 5.9 
3.3457 8.6 
3 -4935 9'.2 
3.5099 9.2 

3.3457 4.0 
3.4935 3.8 
3.5099 3.8 

3.3457 5.9 
3.5017 5.7 
3.5099 5.7 

3.6100 9.2 3.5904 3.8  3.6226  5.6 
3.6226  9.2 3.6100 3.8 3.6348 5.6 
3.7687 
3.7774 
3.8880 
3.8947 
4.0374 
4.0422 
4.1890 
4.2214 
4.3276 
4.3288 

8.9 
8.9 
8.9 
8.9 
9.0 
9.0 

8.6 
8.6 
8.7 
8.7 

3.7069 
3.7170 
3.8493 
3.8566 
3.9788 
3.9842 
4.1198 
4.1237 
4.3865 
4.2892 

3.8 
3.8 
3.6 
3.6 
3.6 
3.6 
3.7 
3.7 
3.4 
3.4 

3.7774 
3.7860 
3 -8913 
3.8980 
4.0561 
4.0607 
4.2260 
4.2291 
4.3276 
4.3300 

5.4 
5.4 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 

4.4208 8.7 4.4512 3.3 4 -4666 5.3 
4.4227 8.7 4.4540 3.3 4.4684 5.3 
4.4999 8.6 
4.5032 8.6 
4.6765 8.6 
4.6776 8.6 

4.5437 3.4 
4.5452 3.4 
4.8387 3.4 
4.8394 3.4 

4.5626 5.2 
4.5640 5.2 
4.6465 5.3 
4.6477 5.3 

4.7968 8.2 4.9533 3.3 4.8650 5.5 
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5O c 
- B ~ ~ 1 0 5  

4.7988 8.2 

4.9243 7.9 

4.9258 7.9 

5.0377 7.2 

5.0385 7.2 

5.1825 1.0 

5.1827 1.0 

5.3422 0.41 

5.3428 0.40 

5.3439 0.39 

5.3449 0.40 

5.4539 0.38 

5.4547 0.38 

5.4549 0.38 

5.5375 0.34 

5.5376 0.34 

5.5378 0.35 

5.5378 0.35 
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25O c 
- B 

4.9536 

5.0509 

5.0516 

5.1876 

5.1878 

5 -2902 

5 -2905 

5 -4223 

5.4225 

5.5137 

5.5139 

5.5375 

5.5377 

~ ~ 1 0 5  

3 - 3  

3.4 

3.5 

3.2 

3.2 

3.3 

3.3 

3.4 

3.4 

4.7 

4.7 

3.2 

3.2 

45O c 
- B 

4.8657 

4.9670 

5.9681 

5.0509 

5.0537 

5 -2043  

5.2047 

5.3899 

5.3903 

5.3907 

5.4770 

5.4771 

5.4773 

5.5198 

5.5200 

5.5214 

5.5375 

5.5379 

px1.05 

5.5 

5.6 

5.6 

5.8 

5.8 

6.1 

6.1 

6 .O 

6.0 

6 .O 

6.3 

6.3 

6.3 

6.3 

6.3 

6.3 

6.6 

6.6 
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APPENDIX  E 

Pressure-time  Histories  for TPH 3105 Runs. 

All the  samples  were  preconditioned at 50% R. H. P = 
pressure  in torr: B = log of the  vacuum  exposure  time  in 
seconds. 

5O c 25O C 45O c 
- B pX105 - B ~ ~ 1 0 5  - B ~ ~ 1 0 5  
3.0328 
3.0786 
3.3216 
3.3457 
3.5017 
3.5178 
3.6035 
3.6100 
3.7687 
3 -7731 
3.8846 
3.8913 
4.0515 
4.0538 
4.1718 

1 .o 
1.0 
0.58 
0.58 
0.45 
0.45 
0.40 
0.40 
0.30 
0.30 
0.28 
0.28 
0.18 
0 -18 
0.14 

4.1736 0.14 
4.3062 0.12 
4.2088 0.12 
4.4925 0.10 
4.4941 0.10 
4.6592 0.10 
4.6598 0.10 

4.7781 0.10 
4.7790 0.10 
4.8935 0.10 

3.1200 
3.1393 
3.2827 
3.2960 
3.4402 
3 -4587 
3.5628 
3.5768 
3.7642 
3.7731 
3.8947 
3 .go13 
4.0740 
4.0806 
4.2427 

1 .o 
1.0 
0.86 
1.0 
0.78 
0.78 
0 -72 
0.71 
0.67 
0 -68 
0.60 
0.60 
0 -40 
0.34 
0.24 

4.2457 0.24 
4.3548 0.20 
4.3582 0.20 
4.4648 0.18 
4.4657 0.18 
4.5511 0.16 
4.5525 0.16 
4.6279 0.15 
4.6328 0.15 
4.8428 0.15 

0.6971 0.30 
3.0328 0.16 
3.0786 0.16 
3.2960  0.13 
3.3216  0.13 
3.4496 0.10 
3.4677 0.10 
3.5904 0.10 
3.6035 0.10 
3.7642  0.079 
3.7731  0.078 
3.8778 0.068 
3.8846 0.068 
4.0607  0.054 
4.0652  0.054 
4.2486 0.044 
4.2516 0.044 
4.4057  0.036 
4.4077  0.036 
4.5407  0.032 
4.5422  0.032 
4.6558  0.026 
4.6569  0.026 
4.8734 0.019 
4.8741 0.019 

4.8938 0.10 4.8436 0.12 4.9661 0.17 
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5O c 
B ~ ~ 1 0 5  
" 

5.0157  0.10 

5.0163 0.10 

5.1663 0.10 

5.1667  0.10 

5.3410  0.10 

5.3412  0.10 

5.4645 0.10 

5.4646  0.10 

5.5375  0.052 

5.5376  0.052 

5.5377  0.052 
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25O c 
B ~ ~ 1 0 5  
" 

4.9316 0 -096 

4.9322  0.096 

4.9981 0.10 

4.9991 0.10 

5.0589  0.18 

5.0598 0.18 

5.1066  0.087 

5.1075  0.087 

5.2053 0.10 

5.2087 0.10 

5.3013 0.10 

5.3017 0.10 

5.3955 0.10 

5.3959 0.10 

5.4686 0.10 

5.4688 0.10 

5.5330 0.10 

5.5331 0.10 

5.5333 0.10 

45O c 
B ~ ~ 1 0 5  
" 

4.9667 0.17 

5.0648 0.16 

5.0652 0.16 

5.2032 0.13 

5.2035 0.13 

5.3920 0.12 

5.3922 0.12 

5.4743 0.10 

5.4743 0.10 

5.5404 0.10 

5.5405 0.10 

5.5415 0.10 

30 



APPENDIX F 

Pressure-time  Histories  for TPH 3105 Runs. Preconditioned 
at 25% R. H. and 75% R. H. 

All o€ these  data  are  from 25O C isotherms. P = bell 
jar  pressure, torr: B = log of the  vacuum  exposure  time 
in  seconds. 

25% R.H. 
B PX106 
" 

3.0328  1.4 
3.0786 1.2 
3.2960 
3.3216 
3.4764 
3.4935 
3.6100 
3.6226 
3.7774 
3.7860 
3.8947 
3.8980 
4.0351 
4.0398 
4.2039 
4.2055 
4.3300 
4.3312 
4.5089 
4.6598 
4.6604 
4.8888 
4.8895 
4.9633 

9.0 
8.8 
6.4 
6.6 
5.5 
5.5 
4.4 
4.4 
3.6 
3.6 
2.8 
2.8 
2.1 
2.1 
1.8 
1.8 
1.4 
1.2 
1.2 
1.0 
1.0 
1 .o 

75% R.H. 
B PX106 
" 

2.9817  1.4 
3.0328  1.4 
3.2689 
3.2960 
3.4402 
3.4587 
3.5699 
3.5836 
3.7642 
3.7731 
3.8812 
3. a880 
4.0374 
4.0422 

1 .o 
1.0 
7.2 
7 .O 

5.9 
5.8 
4.6 
4.6 
3.8 
3.8 
3.0 
3 .O 

4.2198 2.3 
4.2229 2.3 
4.3312 2.0 
4.3336 2.0 
4.5129 1.6 
4.5145 1.6 
4.6370 1.4 
4.6382 1.4 
4.8632 1.1 
4.8639 1.1 
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25% R.H. 
- B Px106 
4.9639 1.0 
5.0190 1.0 
5 -0195 1 .O 

5.2114 2 .O 

5.2119 2.0 
5.3970 1.0 
5.3971 1.0 
5.4768 1.0 
5.4770 1.0 
5.5375 1.0 
5.5376 1.0 

APPENDIX F, CONT. 

75% R.H. 

- B PX106 
4.9867 1.0 
4.9873 1.0 
5.0804 1.0 
5.0808 1.0 
5.2092 1.0 
5.2095 1.0 
5.3319 1.0 
5.3321 1.0 
5.4527 1.0 
5.4529 1.0 
5.5375 1.0 
5.5377 1.0 
5.5378 1.0 
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APPENDIX G 

The Constants for Equation 6 

(1) Constants for the  Storage  Modulus, G' 

Temp., C R.H. ,% - I - n 
5 50 8.058 0 

25 50 7.857 0.020 
4 5  50 7.792 0.020 
25  25 7.919 0.0200 
25  75 7.761 0.0200 

0 

(2) Constants for the Loss Modulus, G" 

Temp. ,  C R.H. ,% - I - n 0 

5 50 7.317 0 
25 50 6.942 0.025 
45 50 6.638 0.050 
25  25 6.973 0.025 
25 75 6. a54 0.025 

Izc. 
4.300 
4.300 
4.300 
4.650 
4.000 

E2 
4.400 
4.400 
4.400 
4.400 
4.400 
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APPENDIX H 

A  Comparison of Storage  Moduli 
Calculated  from  Equation 6 

and the  Experimentally  Determined 
Storage  Moduli  for TPH 3105 

The calculated  moduli  listed  below were generated from 
Equation 6 using  the  constants of Appendix G. The B=log  t 
column  indicates  the  vacuum  exposure of the sample  at  the 
test  point. The R.H. column  indicates  the  appropriate 
preconditioning. 

Temp., C 0 
R.H. ,% 

5 50 

25 

45 

25 

25 

50 

50 

75 

25 

B=loq  t 
4.. 300 
4.490 
4.779 
5.540 

3.764 
4.245 
4.350 
4.630 
5.060 
5.540 

3.773 
4.250 
4.410 
4.660 
5.065 
5.540 

3.460 
3.770 
4.220 
4.330 
5.080 
5.540 

3.777 
4.205 
4.65 
4.889 
5.211 
5.54 

Loq G' 
Calc. Exp- 

8.0581 8.0581 
8.0751 8.0657 
8.0985 8.0903 
8.1460 8.1473 

7.8735 7.8692 
7.8824 7.8848 
7.8897 7.8870 
7.9185 7.9113 
7.9589 7.9590 
7.9968 8.0051 

7.8079 7.8150 
7.8174 7.8293 
7.8307 7.8370 
7.8567 7 -8517 
7.8944 7.8920 
7.9317 7.9299 

7 -7705 7.7663 
7 -7768 7.7871 
7.7876 7.8154 
7.8001 7.8298 
7.8884 7.9042 
7.9228 7.9619 

7.9347 7.9332 
7.9433 7.9392 
7.9524 7.9619 
7.9768 7.9683 
8.0062 7.9961 
8.0342 8.0269 
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APPENDIX I 

A  Comparison  of Loss 
Moduli  Calculated  from  Equation 6 

and  the  Experimentally 
Determined Loss Moduli  for TPH 3105 

The  calculated  moduli  listed  below  were  generated  from 
Equation 6 using the  constants  of  Appendix G. The B=log  t 
column  indicates the  vacuum  exposure of the  sample at  the 

25 50 

45 50 

25 7 5  

25 25 

test  point. The R.H. column  indicates 
preconditioning. 

Temp., C 0 R.H. ,% B=loq  t 
5 50  4.300 

4.490 
4.779 
5 -016 
5.540 

3.773 
4.358 
4.465 
4.630 
5.060 
5.540 

3.773 
4.400 
4.540 
4.656 
5.200 
5.540 

3.773 
4.331 
4.512 
4.860 
5.210 
5.540 

3.777 
4.33 
4.51 
4.89 
5 -02  
5.54 

the  appropriate 

Loq G' 
- Calc. 

7.3172 
7.3253 
7.3506 
7.3668 
7.3993 

6.9615 
6.9761 
6.9842 
7.0038 
7 -0424 
7.0878 

6.6766 
6.7083 
6.7273 
6.7433 
6.8088 
6.8471 

6.8731 
6.8872 
6.8998 
6.9385 
6.9717 
6.9994 

6.9919 
7.0058 
7.0184 
7.0602 
7.0728 
7.1181 

Exp. 
7.3201 
7.3253 
7.3506 
7.3759 
7 -4208 

6.9318 
7.9778 
6.9926 
7.0043 
7.0610 
7 -1244  

6.6572 
6.6989 
6.7231 
6.7233 
6.8051 
6.8446 

6.8604 
6.9009 
6.9197 
6.9467 
6.9800 
7.0224 

6.9907 
6.9974 
7.0294 
7.0469 
7.0641 
7.1324 

35 



REFERENCES 

1. Greenwood, L. R.: The Effect of Vacuum on the  Mechanical  
P r o p e r t i e s   o f  a Solid  Rocket  Propellant  During  Space 
S torage .  Ph.D. T h e s i s ,   V i r g i n i a   P o l y t e c h n i c   I n s t i t u t e ,  
1967. 

2 .  Mugler, J. P. Jr.; Greenwood, L. R.: Lassiter, W. S . ;  
and  Comparin, R.  A.: I n   S i t u  Vacuum T e s t i n g  - A Must 
f o r   C e r t a i n   E l a s t o m e r i c  Materials. J. Spacec ra f t  and 
Rockets ,   vol .   6 ,   no.  2 ,  Feb.  1969,  pp. 219-221. 

3.  Greenwood, L .  R. ;  and  Ward, T. C.:  P r e d i c t i o n   o f  
Long-Term Vacuum E f f e c t s  on  Mechanical  Properties  of 
a H e a t  S h i e l d  Material. Proc .   Ins t i tu te   Envi ronmenta l  
Sc iences ,   Apr i l ,   1971 pp. 435-439. 

4. S t r a u s s ,  E .  L.: Supe r l igh t   Ab la t ive   Sys t ems   fo r  Mars 
Lander  Thermal  Protection.  J .Spacecraft   and  Rockets,  
vol.  4,  no.  10,  1967,  pp.  1304-1309. 

5. Landel ,  R. F.; and  Moser, E. G.: The Effects of  Moisture 
on t h e  Dynamic Mechanical   Propert ies   of  Ammonium 
P e r c h l o r a t e  - Polyure thane   Propel lan ts .  JPL-TR-32-389 
( c o n t r a c t  NAS 7 - l o o ) ,  1963. 

6.  Colodny, P.  C. ;  and Ketchum, G .  F.: Humidity  and 
Tempera ture   Ef fec ts  on the  Creep  Behavior   of   Sol id  
P r o p e l l a n t s .  B u l l i t i n  of 4th Meet ing  of   the  Interagency 
Chemical  Rocket  Propulsion  Group, O c t . ,  1965,  pp.  135- 
139. 

7 .  Oberth,  A .  E.;  and  Bruenner, R.  S.: The Cause  of 
Moisture  Embrit t lement i n   S o l i d   P r o p e l l a n t s .   P r e s e n t e d   t o  
tkInteragency  Chemical Rocket  Propulsion  Group,  1966, 
AF'SC-66-951. 

8. McCrum,  N .  G. ;  Read, €3. E. ;  and Williams, G.: Anelast ic  
and Die lec t r ic  E f f e c t s   i n   P o l y m e r i c   S o l i d s .  John  Wiley 
and  Sons,  Inc.,  1967. 

9.  ward, T.  C.;  and Tobolsky, A. V.: A V i s c o e l a s t i c  
Study of Ionomers. J. Appl.  Polym. S c i . ,   v o l .  11, 
p .  2403,  1967. 

10.  Tobolsky, A .  V.: Proper t ies   and   S t ruc ture   o f   Polymers .  
John  Wiley  and  Sons,  Inc.,  1960. 

36 



REFERENCES, CONT. 

11. Ferry, J. D.: Viscoelastic  Properties of Polymers. 
Second ed., John Wiley and Sons, Inc.,  1970. 

12. Williams, M. L.; Landel, R. F.; and  Ferry J. D.: 
The Temperature  Dependence of Relaxation  Mechanisms 
in Amorphous  Polymers  and  other  Glass-forming  Liquids. 
J. Amer.  Chem.  SOC.,  vol. 77, pp 3701-3707,  1955. 

13. Smith, T. L.: Strength  and  Extensibility of Elastomers. 
Chapter 4 of  Rheology, vol. 5, ed. by  Eirich,  F. R.. 
Academic  Press, Inc., 1969. 

14. Payne, A.  R.: Physics and Physical  Testing of  Polymers. 
Chapter 1 of Progress  in  High Polymers, vol. 5, ed. by 
Robb, J. C.;  and Peaker, F. W.. CRC Press, Inc., 
Cleveland, 1968. 

15. Martin, D. L.: The  Effect of Filler  Concentration 
on  the  Viscoelastic  Response of a  Composite  Solid 
Propellant.  RK-TR-64-2  (AD-433612), 1964. 

16. Schwarzl, F. R.: On  Mechanical  Properties of Unfilled 
and Filled  Elastomers.  From  the  Mechanics  and  Chemistry 
of  Solid  Propellants, ed. by Eringen, A.  C.; Liebowitz, €3.; Koh, S. L.;  and Crowley, J. M.; Pergamon  Press, pp. 
503-539,  1965. 

17. Quistwater, J. M. R.; and Dunell, B. A.: Dynamic 
Mechanical  Properties  of  Nylon 66 and  the  Plasticizing 
Effect of Water Vapor on Nylon. J. of  Appl.  Polymer  Sci., 
V O ~ .  1, pp 267-271,  1959. 

18. Nielsen, L. E.: A  recording  Torsion  Pendulum  for  the 
Measurement of the  Dynamical  Mechanical  Properties of 
Plastics and  Polymers.  Review  of  Scientific  Instruments, 
vol. 33, no. 9, Sept.,  1951. 

19. Hay, T.: Summary  of  Martin  Marietta Co.  Material 
Properties.  A  Review  presented  at  Mini-Symposium on 
the  Environmental  Testing of SLA 561 Heat Shield  Material, 
NASA Langley Research  Center, Oct. 20, 1970. 

20. Private  communication with the  General  Electric Co., 1970. 

21. American  Society  for  Testing Materials:  Maintaining 
Constant  Relative  Humidity  by  Means of Aqueous  Solutions. 
ASTM E 104-51, 

37 



REFERENCES, CONT. 

22. Zappas, I,. Private  communication  relaying  data of test 
run  at  the  National  Bureau of Standards,  July 22, 1971. 

23. Platzer, N. A. J.: Plasticization and Plasticizer 
Processes.  Advances in Chemistry  Series,  vol 48, 
The  American  Chemical  Society,  Washington, 1965. 

38 

I 



Figure 1.  The Torsion Pendulum. 
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F i g u r e  2 .  The  Torsion  Pendulum,  Top-Front V i e w .  
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Figure  3. The Torsion Pendulum with  the Be l l  Jar i n  Place. 
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F i g u r e  4 .  Detail of t h e   T o r s i o n  Pendulum A c t i v a t i o n  Mechanism. 
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Figure  5. Detail of t he   Tor s ion  Pendulum  Showing the LVDT. 



F i g u r e  6 .  Detail  of t h e   T o r s i o n  Pendulum  Heating C o i l s .  
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Figure  7.  A Sample  Prepared f o r  T e s t i n g ,  
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Figure 9, The I n f l u e n c e  of Vacuum  Exposure on the Storage Modulus of 
ESM 1004x at Four Temperatures. 
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Figure  10. The Influence of Vacuum Exposure on the Loss Modulus of 
ESM 1004x a t  Four Temperatures. 
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Figure 11. Variation of the ESM 1004x Storage  Modulus  with Temperature. 
Sample  preconditioned at 50% R.H.. All points  from  data at atmospheric 
pressure. 
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Figure 12. Variation of the ESM 1004x Loss Modulus  with Temperature. 
Sample  preconditioned at 50% R.H.. All points from  data taken at at= 
mospheric pressure. 
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Figure 13. Expanded  Scale  Plot of ESM 1004x Loss Modulus  Isotherms 
as Functions of Vacuum Exposure. Points at 5 0  C are actual data, 
other  points are predicted from least squares  regression analysis. 
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Figure  14.  Inf luence  of Temperature 
Decrease, I n'l i s  abso lu te   va lue  of 

-1 

on t h e  Rate of ESM 1004x Loss Modulus 
s lope  of l i n e s  of Figure 13. 
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Figure  15, Vacuum Environment E f f e c t s  on the Complex Modulus of SLA 561v 
at Three Temperatures. Samples preconditioned at 50% R.H.. 
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Figure 16 . Vacuum  Exposure  Effects on the Storage  Modulus of SLA 561v 
at Three Temperatures. Samples  preconditioned at 50% R.H.. 
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Figure 17. Vacuum Exposure Ef fec t s  on the Loss Modulus Of SLA 5 6 1 ~  at 
Three  Temperatures.  Samples  preconditioned a t  50% R.H.. 
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Figure 18. Vacuum  Exposure  Effects  on  the Complex Modulus of TPH 3105 \ 

at Three Temperatures. Samples  preconditioned at 50% R.H.. 
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Figure 19. Vacuum Exposure Ef fec t s  on the   S torage  Modulus O f  TPH 3105 at 
Three Temperatures. Samples preconditioned a t  50% R.H.. 
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Figure  20. VaX.IUm Exposure Effects on the Loss Modulus of TPH 3105 at 
Three Temperatures. Samples preconditioned a t  50% R.H.. 
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Figure 21. preconditioning  Differences Reflected in the  Complex  Modulus 
of TPH 3105 during Vacuum Exposure. A l l  samples run at 250 C. 
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Figure 22. Preconditioning  Differences  Reflected  in the Storage Modulus 
of TPH 3105  during Vacuum Exposure. All samples run at 25O C. 
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Figure 23. Preconditioning  Differences  Reflected  in t h e  Loss Modulus Of 
TPH 3105 during  Vacuum Exposure. All samples  run at 25O C. 
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Figure 24 . The Storage Modulus of TPH 3105 duTir;lg the Latter  Stages of 
Vacuum Exposure.  Sample was 50% R.H. precondl t loned.  p l o t  i s  a 25O C 
isotherm. 
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Figure 25. The Loss Modulus of TPH 3105 dur ing   the  Latter Stages of 
Vacuum Exposure. Sample 50% R.H. precondi t ioned.   Plot  i s  a 250 c 
isotherm. 
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Figure 26. Preconditioning  Effects on the TPH 3105 Storage Modulus a f t e r  
1000 Seconds  Vacuum Exposure. plot is a 250 C isotherm. 
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Figure 27. Preconditioning  Effects on the TPH 3105 Loss Modulus after 
1000 Seconds  Vacuum Exposure. Plot is a 25O C isotherm. 
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Figure 28. Influence  of  Temperature on the "I" Parameter  of  Equation 6 ,  
for the Loss Modulus of TPH 3105. Preconditioning R.H. held  constant at 
50% for all samples. 
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Figure 29. 1nfluenc.e of Temperature  on  the "n" Parameter of ,Equation 6 
for the Loss Modulus of TPH 3105. Preconditioning R.H. held. constant 
at 50% for a l l  samples. 
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F i g u r e  30 . I n f l u e n c e  of R.H. on t h e  "BC" Parameter  of Equat ion 6 fo r  t h e  
S t o r a g e  Modulus of TPH 3105. Temperature held  c o n s t a n t  a t  2S0 C f o r  a l l  
samples. 


